Non-protein amino acids are common in plants and are present in widely consumed animal feeds and human foods such as alfalfa (Medicago sativa), which contains canavanine, and lentil (Lens culinaris), which contains homoarginine. Some occur in wild species that are inadvertently harvested with crop species. Some non-protein amino acids and metabolites can be toxic to humans, e.g. Lathyrus species contain a neurotoxic oxalyl-amino acid. Some potential toxins may be passed along a food chain via animal intermediates. The increased interest in herbal medicines in the Western countries will increase exposure to such compounds.
toxic non-protein amino acids, some examples are found in plants that are used for food or fodder; some occur in wild species that are inadvertently harvested with crop species and some become incorporated into food chains via plant or animal intermediates. The heightened interest in herbal medicines in many Western countries is likely to increase exposure to such compounds, e.g. preparations of Sutherlandia frutescens, said to have anti-HIV activity, also contain canavanine.
The specificity of some of the compounds discussed here is such that many non-protein amino acids have assumed importance in delineating biological mechanisms. Examples of such activity will be indicated as appropriate.
Compounds considered in this review are mainly referred to by their trivial names, with alternatives given where one or more is in common usage. Formal names recommended by IUPAC, including details of the stereochemistry of compounds that contain more than one chiral centre, may be found at: http://www.ncbi.nlm.nih.gov/sites/guide then select Small Molecules/PubChem Compound.
Amino acids of Lathyrus
The legume genus Lathyrus contains approximately 130 species that are distributed throughout the northern temperate regions and the mountains of tropical Africa and South America. Several species are of economic importance; L. odoratus (sweet pea) and L. latifolius (everlasting pea) are cultivated as ornamentals, while others such as L. sativus, L. cicera and L. clymenum are sources of food for humans and domestic animals. The seeds, or foods made from these last three species have been implicated as causes of neurological disorders in both humans and animals [9] . Neurolathyrism, the disease described in humans, is characterised by progressive and irreversible paralysis of the lower limbs, and is primarily a disorder of upper motor neurones. The condition has been known since antiquity and presently affects populations in the Middle East, China, Ethiopia and the Indian sub-continent. Serious outbreaks of the disease usually coincide with periods of famine when other foods are in short supply and Lathyrus seeds make a major contribution to the diet [10] . The potential of L. sativus and L. cicera as animal feed has been reviewed [11] .
A study of the free amino acids and related compounds in the seeds of 49 species of Lathyrus [12] showed that the genus could be subdivided on the basis of seed chemistry. Those species implicated as causes of human neurolathyrism all belonged to a single sub-genus, the seeds of which were characterised by the presence of two non-protein amino acids not found previously in plants. The first of the two "unknowns" to be identified from neurotoxic Lathyrus species was homoarginine (1) , which was isolated from L. cicera [13] and L. sativus [14] . It was identical with the synthetic compound [15] , which was a substrate for rat liver arginase. This enzyme catalysed the hydrolysis of homoarginine to yield urea and lysine, the latter being an essential dietary requirement for animal species. The same workers found that homoarginine elicited a growth response in rats (which are also dependent on dietary lysine) when these animals were maintained on a lysinedeficient diet. It is possible, therefore, that homoarginine present in Lathyrus seeds may act as a valuable precursor of lysine when dietary protein is limited. However, later work did not confirm this observation. Homoarginine induces hypersensitivity and mortality in rats when administered intraperitoneally at 10mmol/kg body weight. This effect was most likely caused by ammonia toxicity and was not observed when the homoarginine load was reduced to 5 mmol/kg body weight [16] . When homoarginine was fed to rats on a lysine-deficient diet food intake and growth rate were both reduced [17, 18] . The concentrations of ornithine, lysine and arginine in the brain were decreased, suggesting that homoarginine inhibited the uptake of these substances into the brain. A standard diet supplemented with lysine stimulated increased weight gain and food efficiency in domestic chicks, but the inclusion of homoarginine suppressed both factors [19] .
L-Homoarginine; L-2-amino-6-guanidinohexanoic acid
There is no evidence that the seeds of Lens culinaris (lentil), which also contain homoarginine [20] , have adverse effects in humans.
Homoarginine is an uncompetitive inhibitor of human liver and bone alkaline phosphatases, but is not active against the intestinal and placental forms of the enzyme [21] . Homoarginine does not inhibit the isoenzyme of nitric oxide synthase (eNOS) that catalyses the production of the signaling molecule nitric oxide from arginine in mammalian vascular endothelial cells. However, homoarginine does inhibit the uptake of L-arginine by those cells [22] and could, presumably, slow nitric oxide synthesis by depriving the enzyme of its substrate. In a rat strain whose blood pressure was sensitive to a high salt diet, homoarginine reduced mean arterial blood pressure [23] . This result suggests that homoarginine does indeed act as a substrate for eNOS in vivo and it is also a substrate for nNOS, the neural isoenzyme of nitric oxide synthase [24] . The human G-protein-coupled receptor, GPRC6A, which is of unknown physiological function, can be expressed in a chimeric cell line. In cells bearing this receptor homoarginine was as active as arginine, a presumed physiological agonist, in stimulating the accumulation of Ca 2+ by these cells [25] .
β-N-Oxalyl-L-α,β-diaminopropionic acid (β-ODAP); β-oxalylamino-L-alanine (BOAA); L-2-amino-3oxalylaminopropanoic acid; dencichine
The second of the "unknowns" from L. sativus seed proved to be β-ODAP (2) [26] [27] [28] , which was shown to be neurotoxic [27] . Studies of the mechanisms of action of β-ODAP have contributed much to our understanding the aetiology of neurolathyrism, but a complicating feature is that the compound is metabolised in humans, but not in experimental animals [29] . L. sativus is the most widely cultivated species of Lathyrus and a valuable source of food and fodder in some of the poorest regions of the world. As a nitrogen-fixing legume the plant requires no added nitrogen fertiliser. It thrives on poor soils that will not support many other crop species and it is also resistant to both flooding and drought. The concentration of β-ODAP in the seeds is subject to genetic control and progress has been made in identifying, conserving and using varieties containing reduced concentrations of β-ODAP in breeding programs [30] . The concentration of β-ODAP is also influenced by environmental factors. In ripe seeds, water stress increases, and increased salinity decreases, the concentration of this toxin [31] . Similar increases and decreases are induced by Zn 2+ and by Fe 2+ respectively [32] .
The elucidation of the biosynthetic pathway to β-ODAP in L. sativus [33] holds out the possibility that a variety free of β-ODAP might be developed by eliminating one or more of the genes coding for an enzyme or enzymes involved in the biosynthesis of the toxin.
The presence of β-ODAP in Lathyrus seeds is accompanied by lower concentrations of the isomeric α-N-oxalyl-L-α,β-diaminopropionic acid; α-ODAP (L-3amino-2-oxalylaminopropanoic acid) (3) . In solution the individual isomers undergo spontaneous rearrangement to give a mixture of both forms [34] . The mechanism of the rearrangement has been resolved [35, 36] .
β-ODAP, which may be regarded as a structural analogue of glutamic acid, acts as a neuroexcitant to central nervous system neurons [37] and is selective for 'glutamate preferring' (AMPA) receptors [38, 39] . No such activity or neurotoxicity is shown by α-ODAP [40, 41] . Hence methods of preparation and cooking that favour the isomerisation of β-ODAP to the non-toxic α-isomer are likely to reduce the toxicity of foods made from L. sativus seeds or flour [42] , though simple culinary methods of removing the toxin itself have been explored also [43] .
Although over-stimulation of neurones in the central nervous system, leading to excitotoxic injury [44] , is an attractive and relatively simplistic mechanism to explain the neurotoxicity of β-ODAP, other activities of the compound continue to be reported and these may lead to additional or alternative explanations for the neuronal death that occurs in neurolathyrism. Thus, despite the apparent specificity of the neuropharmacological observations referred to above, [ 3 H]β-ODAP binds weakly to synaptic membranes [45] . However, a different experimental approach implicates not only ionotropic AMPA receptors, but also metabotropic receptors and NO synthesis [46] . Two recent observations concern the cystine/L-glutamate exchanger x c.
-. β-ODAP is a substrate for the exchanger [47] and the amino acid may also sensitise specific central nervous system neurons to cystine neurotoxicity [48] . A number of other mechanisms have been explored; β-ODAP inhibits tyrosine aminotransferase, which catalyses the reaction between tyrosine and 2oxoglutarate to yield glutamate and the ketoacid corresponding to tyrosine [49] . β-ODAP stimulates neural protein kinase C [50, 51] and causes mitochondrial dysfunction by inhibiting the activity of Complex-1 (NADH oxidation) [52] . This effect is accompanied by a loss of the mitochondrial membrane potential [53] . In humans and experimental animals, when an essential amino acid is deficient in the diet, the concentration of that amino acid in extracellular fluids falls for several hours after a meal due to the stimulus given to somatic protein synthesis from feeding protein [54] . Repetitive feeding of L. sativus (which is deficient in methionine) reduces the blood plasma concentration of methionine in human volunteers to approximately one-half the normal value. This reduction is maintained throughout much of the day and, as a result, a reduced influx of methionine into the central nervous system during this period would be expected [55] .
At the present time it is difficult to evaluate the relative importance of the various mechanisms that have been proposed to explain the chronic neurotoxicity of β-ODAP as the putative cause of neurolathyrism. The topic was reviewed recently [56] . DAB (4) was first identified in Polygonatum multiflorum [57] . It was subsequently isolated from L. latifolius [58] and shown to be acutely neurotoxic to rats. This amino acid, which is a lower homologue of ornithine, induces ammonia toxicity (and hence neurotoxicity) in rats by inhibiting the liver enzyme ornithine transcarbamylase [16] . As a result, the flow of nitrogen from the degradation of amino acids into urea is disrupted due to inhibition of the urea cycle. Despite these observations, L. sylvestris, which contains DAB as well as other potentially toxic amino acids such as β-ODAP (4), O-oxalyl-homoserine (5) and γ-ODAB (6) (see below) [59] has been considered as a potential forage crop [60] . While the hay has been used with success with lambs [61] , the seeds are toxic to these animals [62] . Acacia augustissima too has potential as a fodder crop, but is toxic to Menz lambs. In this species the toxicity appears to reside in two components, one of which is 4-N-acetyl-diaminobutanoic acid, which would release DAB upon intestinal hydrolysis [63] . DAB may cross the blood-brain barrier, in rats and other animals, using the cationic amino acid transporter system y + , which is used by lysine and other physiologically important basic amino acids [64] . Once introduced into the brain, DAB acts as an anticonvulsant [65] , possibly because of its ability to inhibit the carrier-mediated transport of γ-aminobutyrate [66] . Indeed DAB is itself accumulated by rat cerebral cortex slices [67] and is a substrate for the BGT-1 betaine/γ-aminobutyrate transporter, a component of cellular osmolite regulation [68] . Free DAB is found in a few animal species; bovine brain contains low concentrations of the amino acid [see 60]. This reference contains an excellent account of the mechanisms by which DAB might interact with mammalian metabolism and physiology.
γ-N-Oxalyl-L-α,γ-diaminobutyric acid (γ-ODAB); L-2-amino-4-oxalylaminobutanoic acid: γ-ODAB (6) acts at glutamate receptor sites in isolated neuronal preparations. Unlike β-ODAP however, which is an agonist, γ-ODAB is a depressant which antagonises Nmethyl-D-aspartate-induced depolarisation of frog motor neurones [69] . Seedlings of Lathyrus odoratus contain eight isoxazolin-5-one derivatives with different substituents at the ring nitrogen [70] . These compounds include ACPI (7) , which on hydrolysis or photolysis yields DAB, and 2-cyanoethyl-isoxazolin-5-one (CEI; 8), which on hydrolysis or photolysis yields the osteolathyrogen β-aminopropionitrile (BAPN; see below). When fed to day-old domestic chicks the neurotoxic effects of ACPI are similar to those of DAB. Indeed DAB appears to be the major metabolite of ACPI, being found in chick brain and excreta following the administration of ACPI. When administered CEI, chicks showed symptoms of osteolathyrism. Free BAPN, and unchanged CEI, were found in the excreta. ACPI and CEI were also present, together with β-ODAP, in seedlings of L. sativus [71] and may contribute in some instances to the toxic effects produced by this species in humans.
L-α-Amino
This compound is included here although the parent β-aminopropionitryl (BAPN) is not itself an amino acid. However, the toxicity of BAPN is closely related to the amino acid-induced toxicities of Lathyrus species. γ-Glutamyl-BAPN (9) was isolated originally from seeds of L. odoratus [72, 73] and L. pusillus [74] and identified chromatographically in seed of L. hirsutus and L. roseus [12] . The physiologically active part of the molecule is the BAPN moiety (10) [75] . The compound produces severe skeletal abnormalities when fed to young rats [72] and aortic aneurisms in both rats and chicks [76] . Both BAPN and γ-glutamyl-BAPN exercise their effects by inhibiting the formation of cross-linkages between the polypeptide chains during the synthesis of collagen [76] and elastin [77] . The site of action of BAPN is lysyl oxidase [78] , with which the compound forms an irreversible complex. BAPN continues to be of interest both practically [79] and experimentally [80] . The skeletal abnormalities caused by the inhibition of lysyl oxidase activity by BAPN appear to be mediated via abnormal bone mineralization [81] . Lysine oxidase is a potent chemokine, which induces the movement of different cells types [80] , and BAPN has been used to explore the functions of this protein.
Species with seeds containing γ-glutamyl-BAPN, or BAPN itself, are not used as human food. Nevertheless skeletal abnormalities in neurolathyritic patients in India have been reported [82] and similar observations were made in Bangladesh. One possible explanation of such osteolathyrism may be the practice, in some areas, of eating the green parts of L. sativus when in season. The seedling shoots of the plant contain not only the neurotoxins β-ODAP, its neurotoxic precursor β-(isoxazolin-5-on-2-yl)-alanine, and ACPI (7) but also CEI (8) the osteotoxic precursor of BAPN [83] . Low concentrations of CEI in the dry seeds themselves might be a contributory factor in the development of the skeletal abnormalities observed in some patients suffering from classical neurolathyrism.
β-L-Cyanoalanine (BCNA); Seeds of L. sativus are sometimes contaminated with seeds of Vicia sativa (common vetch), a species grown for fodder. Although there is little reason to suppose that the V. sativa is a cause or contributory factor in human lathyrism, its seeds contain significant concentrations of BCNA (11) and even higher amounts of the γ-glutamyl derivative (12) [84, 85] . Both BCNA and its γ-glutamyl derivative were found subsequently to accumulate in the seeds of 15 other species of the same genus [86] . Accumulation of BCNA has also been reported in a cyanide-resistant strain of Enterobacter [87] . BCNA is an important metabolite in plants and is hydrolysed to asparagine in a number of plant species. It is probable that BCNA is present in many higher plants, but at concentrations too low to cause toxicity in animals.
L-2-amino-3-cyanopropanoic acid
Administration of BCNA by stomach tube to weanling male rats at a concentration of 15 mg per 100g body weight produced reversible hyperactivity, tremors, convulsions and rigidity. When injected subcutaneously at a concentration of 20 mg per 100g body weight, convulsions, rigidity and prostration were followed by death [84] . The γ-glutamyl derivative was as toxic (on a molar basis) as was the free amino acid to male Sherman rats, but only about one-half as toxic to white Leghorn chicks. When fed to chicks as part of their diet at concentrations equivalent to one-half that present in the seeds of V. sativa the cyano compounds produced a terminal convulsive state within one week [85] .
V. sativa seeds retain both BCNA and the γ-glutamyl derivative when they are simply soaked in water or cooked. However, a simple washing procedure has been developed that removes both toxins and gives a nontoxic product in a chick bioassay [88] . (The free γglutamyl derivative is unstable when heated in water, forming the parent amino acid and pyroglutamic acid.) When soaked seeds were fed to male broiler chicks, the alkaloids vincine and convicine present in the seeds heightened the neurotoxic effect of low concentrations of BCNA in the feed [89] .
BCNA inhibits cystathionase (cystathionase γ-lyase) in the pyridoxal-5'-phosphate-requiring conversion of cystathionine to cysteine [90] and also the activity of aspartate decarboxylase [91] . BCNA inhibits asparaginase and glutaminase in some prokaryotes [92] . The cystathionine pathway is widely distributed in animal tissues. In mammalian liver this is the major pathway by which cysteine (a non-essential amino acid) is synthesised from methionine, which is an essential amino acid. The utilization of cysteine for the synthesis of glutathione, taurine, inorganic sulphate and hydrogen sulphide suggests that inhibition of the pathway would have wide-ranging metabolic consequences [93] [94] [95] . The activation of ionotropic glutamate receptors by BCNA may be indirect in view of the high concentration required to elicit the effect [96] .
Renewed interest in the potential toxicity of BCNA to humans and livestock was stimulated as a result of increased V. sativa production and seed export from Australia [97] . Both BCNA [98] and acromelic acid (see below), a known neuroexcitant, have been detected in the mushroom Clitocybe amoenolens, but the compound responsible for the toxicity of this species has not been established [99] .
Canavanine; L-2-amino-4-guanidinooxy-butanoic acid
Canavanine (13) is found in many species of the Papilionoideae, which is a sub-family of the Leguminosae [33] . Seeds are a particularly rich source of this amino acid and concentrations as high as 13% dry weight have been reported in those of Dioclea megacarpa [100] . However, canavanine is not found in significant amounts in plants that are used for human food. Exceptions include Canavalia ensiformis, jack bean, and C. gladiata, sword bean, which are consumed in Asia and parts of Africa. The effect of canavanine upon the growth and development of sensitive plant species is typified by the activity of the amino acid on the growth of Glycine max (soybean). While canavanine had no effects upon DNA, RNA or protein synthesis in C. ensiformis, which contains canavanine in its seeds, in the naïve species G. max these three processes were inhibited strongly [101] . Canavanine is an analogue of arginine and acts as an anti-metabolite in many biological systems [102, 103] . Canavanine is incorporated into mammalian protein in competition with arginine because the tRNA arg in unable to differentiate between arginine and canavanine [104] . Canavanine is also a selective inhibitor of inducible nitric oxide synthase (iNOS) [105] . This reaction may be useful medically in treating endotoxaemia [106, 107] .
Evidence of the toxicity of canavanine to mammals in vivo is limited. It is significant, however, that macaques fed on the seeds and sprouts of Medicago sativa (alfalfa), which contain canavanine, develop haematological and serological abnormalities, although there appears to be a variable component in the effect that may be genetic. These abnormalities are similar to those seen in human systemic lupus erythematosus (SLE), an autoimmune disease that adversely affects the kidney and skin. This syndrome, once it has subsided in previously affected animals, may be reactivated in macaques by feeding canavanine [108] . Reactivated SLE was also observed in people who had eaten alfalfa tablets over a prolonged period [109] . Canavanine can affect B-cell function, accelerating the disease in autoimmune mice and inducing antibody-mediated autoimmune phenomena in normal mice [110] . Canavanine also affects the charged surface membrane properties of autoimmune B-cells; such alterations may be associated with an abnormal (auto) immune response [111] . These and other results have been reviewed [112] . Canavanine acts on human suppressor-inducer T-cells to regulate antibody synthesis; the lymphocytes of SLE patients are specifically unresponsive to canavanine [113] .
The induction of an SLE-like state in mice is dependent upon the strain that is challenged with canavanine. Whereas NZB/W F1, NZB and DBA/2 mice respond, the BALB/c strain does not do so [114] . The autoimmune response generated by canavanine may have its roots in the release of prematurely-terminated canavanine-containing peptides from apoptotic cells that have been phagocytosed [114] .
There is considerable current interest in the medicinal plant Sutherlandia frutescens (Leguminosae) from southern Africa, treatment with which is claimed to be beneficial to AIDS patients. Extracts of the plant, which contain canavanine, are active against cyclooxygenase (COX-2) [115] ; act as antimutagens in the Ames test [116] and inhibit the growth of human tumour cell lines [117] . A review of these and other activities is available [118] . It is not clear whether the activity of the extracts described in these papers is due to canavanine, or whether canavanine itself has been examined for its activity in the test systems employed.
L-Canaline; L-2-amino-4-aminoxybutanoic acid
Canaline (14) is formed by the hydrolysis of canavanine (a reaction catalysed by arginase [119] ). It is highly toxic to insects, but little is known of its activity in higher animals. It would be expected that the consumption of canavanine by animals capable of this metabolic conversion (which occurs in mammalian liver) would render canaline an important factor in the toxicity of canavanine. Canaline itself has been isolated from two legume species and could possibly occur in all canavanine-synthesising species [100] .
Canaline reacts with pyridoxal-5'-phosphate to form a stable Schiff-base complex with the aminooxy group [119] . Canaline inhibits ornithine δ-aminotransferase, which interconnects the urea cycle in ureotelic animals with glutamate metabolism, also by forming a complex with pyridoxal-5'-phosphate [120] This reaction occurs with the same enzyme in the tobacco hornworm Manduca sexta (Sphingidae) [121] , which suggests a protective role for canaline against insect attack. A review of the many metabolic reactions in which canaline is involved is available [122] . The antiproliferative effect of canaline on cultured human peripheral blood mononucleocytes appears to be mediated via polyamine synthesis [123] .
Indospicine; L-6-amidino-2-aminohexanoic acid
Birdsville disease is a neurological syndrome in horses caused by the consumption of Indigofera linnaei, a legume that grows widely in the Northern Territory of Australia. The plant contains indospicine (15) , which was isolated originally from Indigofera spicata, a native of Africa and Asia, and which is a potent antimetabolite of arginine [124] . Indospicine is teratogenic and hepatototoxic in laboratory animals and ruminants [125] . Birds fed on seeds of I. spicata do not develop liver damage, however [126] , and it has been suggested that, being uricotelic, they are less susceptible to the effects of indospicine, an arginase inhibitor, than are ureotelic animals [124] . Indospicine inhibits, but is not hydrolysed by, arginase and also inhibits the incorporation of arginine, and consequently other amino acids, into liver protein [127, 128] .
Even among mammals there are marked differences in both sensitivity and reaction to indospicine that are clearly illustrated by the contrasting responses of horses and dogs to the compound. In 1984 some 30 dogs were reported to have died in Alice Springs, Australia, after eating horsemeat from locally slaughtered horses. One of these horses was known to have been a clinical case of Birdsville horse disease, which is characterised by neurological, but not hepatic, abnormalities. Postmortem examinations of seven of the dogs revealed "severe liver damage, icterus and other evidence of liver failure". In subsequent experiments it was shown that the meat of an apparently healthy horse that had eaten I. linnaei contained sufficient indospicine to cause liver damage when fed to dogs [129] . Purified indospicine (administered intraperitoneally and as a dietary additive) was used to confirm that the liver damage observed in dogs was due to indospicine and not to another toxin that might have been present in the horse meat [130] . Hepatic disease in horses, including that induced by indospicine, has been reviewed [131] . Many species of Indigofera contain β-nitropropionic acid, which is a 'suicide inhibitor' of succinate dehydrogenase [132] . It remains unclear whether βnitropropionic acid, as well as indospicine, participates in the aetiology of Birdsville disease [133] .
Mimosine;
β Mimosine (16) was first isolated from Mimosa pudica [134] , but it was its presence in high concentrations in the leaves and seeds of Leucaena leucocephala (Lam.) de Wit (leucaena), formerly known as L. glauca, that led to the recognition of its toxicity. The young leaves of this leguminous shrub, which has great potential as a fodder crop in the tropics, may contain as much as 8-10% dry weight of mimosine [135] , while even higher concentrations can occur in the seeds [136] . The ingestion of leaves and seeds of leucaena has been held responsible for the loss of hair in both animals and humans. Hair growth was inhibited in mice fed on a diet containing either the ground seed of leucaena or purified mimosine [137] . In addition to its depilatory effects mimosine interferes with reproduction [138] and is teratogenic to rats [139] .
In ruminants the toxicity of leucaena is dependent on the rate and the degree to which mimosine is broken down, firstly, by plant enzymes during the mastication of fresh (but not dried) plant material and secondly by bacteria in the rumen [140] . This process gives rise to 3-hydroxy-4(1H)-pyridone {HP; 3,4-DHP (17)} a powerful goitrogen [141] that itself undergoes further transformation to the isomeric 2,3-dihydroxypyridine (2,3-DHP) (18) , which is also a goitrogen [140] . The chronic toxic effects, due to DHP, seen in cattle grazing on leucaena in Australia were not observed in ruminants feeding on leucaena in Hawaii and Indonesia. While the rumen of the Australian animals contained bacteria able to degrade mimosine to DHP, those present in the rumen of the Hawaian and Indonesian animals were also able to break the pyridone ring of DHP, yielding non-toxic products. By transferring DHP-degrading bacteria, isolated from the rumen of Indonesian goats, to the rumen of Queensland goats and cattle it was possible to protect Australian ruminants feeding on leucaena against both the depilatory effects of mimosine and the goitrogenic effects of DHP [139, 142] .
Endemic goitre is widespread amongst the people of Indonesia and it has been suggested [143] that this disorder may be related to the use of the young shoots, pods and green seeds of leucaena in salads. Whether these contain toxic concentrations of DHP remains to be demonstrated, but mimosine in leucaena can be broken down after harvesting, by enzymes present in the plant tissues [144] . Clearly, if significant breakdown occurs in shoots, pods, or seeds before they are eaten, then the possibility of DHP intoxication in non-ruminants must also exist.
As was noted above, some non-protein amino acids have specific actions that make them useful for studying biological mechanisms. Mimosine demonstrates a wide range of biological effects, in part because of its powerful ability to form complexes with transition metals [145] . It inhibits a number of enzymes, such as DOPAmine β-hydroxylase and tyrosinase [146] . Both enzymes contain Cu(II), but tyrosinase was inhibited competitively and reversibly by mimosine, presumably as a result of the structural similarity between it and the substrate tyrosine. On the other hand DOPAmineβ-hydroxylase, was inhibited because of the removal of Cu(II) by the strong chelating properties of the amino acid. An excellent summary of the effects of mimosine at a cellular and subcellular level is available [147] .
Mimosine is an effective inhibitor of DNA replication in susceptible cells; it arrests cell cycle progression in late G 1 phase [148] and is much used experimentally for this purpose. Mimosine inhibits DNA synthesis at the replication fork, probably as a result of inhibiting deoxyribonucleotide synthesis by chelating the Fe(III) centre of ribonucleotide reductase [149] . (This enzyme catalyses the reduction of ribonucleotides to the deoxy forms needed for DNA synthesis.) Mimosine also causes strand breaks in DNA [150] . A major feature of the toxicity of mimosine appears to be as an antagonist of folate metabolism [151] . Mimosine binds to mitochondrial serine transhydroxymethylase [152] , which catalyses the conversion of serine to glycine with the concomitant formation of 5,10-methylenetetrahydrofolate from tetrahydrofolate. The 5,10methylene tetrahydrofolate may be utilised for both purine and thymidine biosynthesis. Perhaps most importantly, mimosine represses the transcription of serine transhydroxymethylase by chelating intracellular Zn 2+ , which impairs the binding activity of zinc finger proteins [147] . Reduction of the intracellular Zn 2+ concentration may also be the mechanism by which mimosine induces apoptosis in thymocytes [153] and in a leukaemic cell line [154] . Djenkolic acid (19) occurs widely in the Mimosoideae, a sub-family of the Leguminosae, but derives its name from a particular species Archidendron pauciflorum (Pithecellobium lobatum), the djenkol bean. The bean, which contains 1-2% of djenkolic acid [155] , is eaten in Indonesia where its consumption can cause acute kidney malfunction and impaired urine flow. The toxic effects result from the low solubility of the amino acid under acid conditions which leads to the formation of crystals in the urinary tract. Djenkolic acid is one of a number of plant compounds that cause nephropathy [156] .
L-Djenkolic acid; methylenebiscysteine
Acacia raddiana trees, which synthesise a number of non-protein amino acids including djenkolic acid, suffer water stress and attack from brucid beetles in the Negev desert. It was anticipated that djenkolic acid in the seeds might be protective against the beetles, but the infestation of seeds is higher the greater the concentration of the amino acid [157] .
L-Methylcysteine sulphoxide (SMCO); methiin
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Cattle eating large amounts of Brassica oleracea var. acephala (marrowstem kale) tend to develop a haemolytic anaemia that can be fatal. Kale contains S-methylcysteine sulphoxide (20) which, in the rumen, is converted to the active haemolytic factor, dimethyl disulphide (21) ; [158, 159] . SMCO, which also occurs in other species of Brassica [161, 162] , is not toxic to nonruminant animals, including humans, and may indeed be beneficial as it lowers the concentration of plasma cholesterol in rats [163] . The presence of SMCO is an important deterrent to the exploitation of forage and root Brassica crops [157] . A significant attempt to explain the anticarcinogenic effect of organosulphur compounds in Brassica species came from a study of the effect of S-methylcysteine sulphoxide and a metabolite, methylmethanethiosulphinate, in a mouse model. In these experiments the genotoxicity of benzopyrene to bone marrow was reduced significantly by both compounds [164] . MSO (22) was first discovered as the toxic principle in "agenized" wheat flour (flour bleached with nitrogen trichloride) that caused hysteria and 'running fits' in dogs [165] . The substance is a classic inhibitor of glutamine synthetase [166] , which catalyses the synthesis of glutamine from glutamate and ammonium, and is much used experimentally for this purpose. The compound also inhibits γ-glutamylcysteine synthetase, a component enzyme of the γ-glutamyl cycle, and hence MSO inhibits the synthesis of glutathione. Subsequently, the neurotoxin was found to occur naturally in three species of the Connaraceae; Cnestis polyphylla, C. glabra and Rourea orientalis [167] . The absolute configuration of the isolated amino acid was established as 2(S)-methionine S(S)-sulphoximine {(2S,SS)-2-amino-4-(S-methylsulphonimidoyl)n-butanoic acid}. The seeds of a third Cnestis species, C. palala (a climbing shrub of south east Asia) are reputedly used in Malaya and Thailand to poison dogs. These seeds also contain high concentrations of MSO and their acute toxicity to dogs has been confirmed experimentally. Oral administration of the ground seed (347mg/kg) was fatal within 24-25 hr [168] .
L-Methionine sulphoximine (MSO)
Until recently there was no record of the toxicity of MSO to humans, though it has been suggested that exposure of the population of the United Kingdom to MSO up to 1950 (when agenization of wheat flour ceased) might have been a factor in the incidence of apparently sporadic neurodegenerative diseases [169] . However, in Senegal the poisoning of a human population, which had consumed a concoction of C. ferruginea leaves containing MSO, resulted in some fatalities, which were attributed to a neurotoxic syndrome caused by MSO [170] . An excellent review of the stereochemistry of SMCO and MSO is available [171] .
Selenium-containing amino acids
Selenium resembles sulphur in its chemical properties. The biochemistry of selenium is intricately involved in the biochemistry of the sulphur-containing amino acids and a number of selenium analogues of sulphurcontaining amino acids are found in plants [172, 173] . Although other seleno-derivatives (principally of cysteine) exist in plants, selenomethionine usually predominates [173] . Traces of selenium (ca 0.01 ppm) are beneficial to animals; glutathione reductase and other enzymes contain selenium [174] , but dietary concentrations greater than 1 ppm are likely to prove toxic [175] . Many plants, such as Trifolium repens (white clover) and Lolium perenne (perennial rye grass), tolerate concentrations of 5 ppm of selenium in their tissues before growth retardation occurs while others, such as Triticum vulgare (wheat), will tolerate concentrations as high as 30 ppm before they are affected. In all these 'non-accumulator' species the majority of the selenium occurs as protein-bound L-selenocystine and L-selenomethionine (23 and 24 respectively) [175] . Selenocysteine (25) occurs in the protein of Vigna radiata when grown in the presence of selenate [176] . In contrast there are 'accumulator' species that grow exclusively on seleniferous soils. These may contain as much as 15000 ppm of selenium [177] . Selenium is not only non-toxic to these species, but is an essential requirement. The accumulator species do not incorporate selenium into their proteins, but sequester the element principally in the form of Se-methyl-Lselenocysteine (26) or L-selenocystathionine (27) . The first of these compounds is found in plants such as Astragalus bisulcatus (Leguminosae) and Oonopsis condensata (Compositae); the second in plants such as Neptunia amplexicaulis (Leguminosae) and Morinda reticulata (Rubiaceae), while both amino acids occur in the crucifer Stanleya pinnata [177] .
Both selenite and selenate are incorporated (by distinct mechanisms) into selenocysteine in plants and marine algae. The operations of the trans-sulphuration pathway then results in the biosynthesis of selenocystathionine and selenomethionine. The occurrence of selenomethionine in cereals and fodder crops occurs because the loading of tRNA met of these species does not discriminate between methionine and selenomethionine. The selenomethionine ingested by animals (including humans) may be incorporated into proteins and the Se content of human muscle (the chief depository) is mainly attributable to dietary selenomethionine. Selenomethionine, selenite and selenate are approximately equally acutely toxic to rats [173] . In comparison to the non-specific incorporation of selenomethionine into proteins, a number of proteins are known that contain selenocysteine that has been inserted using a specific mechanism [178] . This reaction accounts for the essentiality of selenocysteine (abbreviated here as sec), which has been called the 21st amino acid [179] . The mechanism relies upon the selenoprotein mRNA containing a single UGA codon (usually a stop codon), which recruits selenocysteineloaded tRNA ser(sec) to the ribosome with the aid of specific factors [178, 179] .
The selenium present in non-accumulator species growing on seleniferous soils can give rise to a condition known as 'alkali disease' in grazing animals. This condition, which involves loss of hair, emaciation and sloughing of the hooves, is caused by ingesting maize, wheat, barley, oats and other grasses containing between 10 and 30 ppm of selenium [180] . The poisoning of humans after the ingestion of grain grown on selenium-rich soils in Columbia has also been reported [181] .
The nuts of Lecythis ollaria (Lecythidaceae) are eaten by humans in Central and South America. In certain areas of Venezuela, however, they are known to cause abdominal discomfort, nausea, vomiting and diarrhoea. A remarkable feature of the syndrome is the temporary loss of hair from the scalp and body a week or two after the ingestion of the nuts and after the first acute sickness has terminated. The toxin responsible was identified as selenocystathionine (27) The amyotrophic lateral sclerosis-parkinsonismdementia complex (ALS-PD) of Guam is a chronic neurological disease formerly found in high incidence amongst the Chamorro people of that island and others of the Marianas group. The similarity of some aspects of this disease to neurolathyrism (see above) suggested that it might be associated with a dietary factor in the seeds of Cycas circinalis (now C. micronesica Hill), which are processed and eaten by the people of the islands [183] . However, this remains a controversial concept. Although chemical studies aimed at investigating the toxicity of cycads have extended over many years, early research focused on the glycosides of methylazoxymethanol, the aglycone of which is carcinogenic.
A non-protein amino acid, termed L-α-amino-βmethylaminopropionic acid, (28; frequently referred to as BMAA in recent literature) was found free in C. micronesica seeds [184] . BMAA was acutely neurotoxic to day-old domestic chicks [185] , rats and mice [186] and generated a distinct pathology in rat cerebellum [187] . However, chronic studies were less encouraging [186, [188] [189] [190] .
The mechanisms by which BMAA induces acute neurotoxicity are little understood, but the compound is active in many neurological test systems. BMAA is a neuroexcitant at ionotropic glutamate receptors in mouse spinal cord/dorsal root ganglion preparations. The effect is stereospecific and only the naturallyoccurring L-form, but not the D-form, is active [191] . In the same preparation this activity was attenuated by antagonists of the NMDA sub-group of glutamate receptors [192] . In isolated neurons higher concentrations of BMAA also activated NMDA receptors, but at lower concentrations non-NMDA receptors were targeted [193] . The excitatory activity of BMAA is expressed only in the presence of bicarbonate/CO 2 [194] , probably as a result of the formation of carbamate species, which are readily detected by NMR spectroscopy [195, 196] . Carbamate formation may explain also the convulsive activity of the amino acid to rats [197] and the selective toxicity to cultured motor neurones via AMPA/kainite receptor activation [198] . BMAA is also active at metabotropic receptors [199] [200] [201] and is one of the most avid of amino acids in chelating Cu 2+ , Zn 2+ and Ni 2+ [202] . No specific associations of these properties with the neurotoxicity of BMAA have been discovered, though it is noteworthy that mimosine (see above) precipitates apoptosis by a mechanism that involves Zn 2+ chelation [147] .
The putative role of BMAA in the aetiology of Guamanian ALS/PD was dismissed largely on the grounds that insufficient of the compound existed in cycad flour prepared for human consumption [203] . However, newer evidence has challenged that view. The content of BMAA in flour derived from C. micronesia seed is considerably higher than thought previously, the substance existing in the flour mainly in a form that is released by acid hydrolysis [204] . However, it is not clear whether this form of the amino acid is released by normal digestive processes. On Guam itself the compound might also be accumulated in the human population via a food-chain involving fruit bats [205] , which were once a culinary delicacy on the island. Finally, although earlier experiments suggested that BMAA was neurotoxic only in the mM range, recent results suggest significant activity at µM concentrations [198, 206] .
Little information is available concerning the metabolic activity of BMAA. The α-N-acetyl derivative is excreted by young adult rats administered [ 14 CH 3 ]-BMAA [207] and the amino acid itself is oxidised by L-amino acid oxidase [208] . Significant metabolism of BMAA to methylamine and 2,3diaminopropanoic acid (itself a neurotoxin; [209] ) occurred in rat tissue preparations [210] . Subsequent metabolism of methylamine, a reaction catalysed by semicarbazide-sensitive amine oxidase in the walls of the vasculature, releases hydrogen peroxide, formaldehyde and ammonium, which may be significant in terms of chronic human neurotoxicity [211] .
BMAA has been detected in post-mortem brain specimens of Guamanians who suffered from ALS/PD mainly in a form that is released only after acid hydrolysis, suggesting involvement of the amino acid in biosynthetic reactions [212] . More recently the amino acid has been identified in the brains of north American subjects who died from either ALS or Alzheimer's dementia [213] .
The assumption that BMAA is synthesised by those species of Cycas in which it is present in the aerial parts of the plant is incorrect [214] . Symbiotic Nostoc, a cyanobacterium, in the corralloid root system of C. micronesia are responsible. The compound has been detected recently in a wide range of free-living cyanobacteria [215] [216] [217] . Domoic acid (29) was first isolated from the seaweed Chondria armata, which is used as a ascaricide in remote islands of the Kagoshima province of Japan [218] . In 1987 an outbreak of gastrointestinal and neurological illness occurred amongst individuals who had eaten mussels collected from three estuaries of Prince Edward Island in eastern Canada. A remarkable piece of detective work led to the cause of the outbreak being traced rapidly to the presence in the mussels of domoic acid [219] . The ultimate source of the toxin was Pseudonitzschia pungens (Nitzschia pungens) a pennate phytoplanktonic diatom upon which the mussels had been feeding. Many other bird and marine animal species have been implicated since the toxicity to brown pelicans and cormorants first appeared on the west coast of America [220] . Nitzschia pungens, which was in extensive bloom at the time of the initial outbreak in humans, was isolated from the digestive glands of the mussels and shown to synthesise domoic acid in cell culture [221, 222] . It was estimated that the most severely affected patients had ingested about 290 mg of domoic acid from the mussels, a great deal more than the 20 mg present in a dose of C. armata extract used for killing intestinal worms in Japan [223] . Domoic acid has also been found in shellfish and phytoplankton from the Gulf of Mexico [224] . On the western seaboard of the United States, razor clams and a variety of fish that enter the human food chain, e.g. anchovies, sardines, hake, rockfish, salmon and squid have been implicated [225] . Although further human poisoning with domoic acid has not been reported, Californian sea lions have proved to be unsuspecting experimental animals for studying the effects of environmentally available domoic acid [226] . Thus, some 20 years after the first incidence of human poisoning, a study of marine creatures is probably the best means by which further poisoning of human populations by domoic acid can be avoided. Domoic acid detection is included in a comprehensive screen of bivalves in Portuguese waters [227] .
Domoic acid is a chemical analogue of both the neurotransmitter glutamic acid and of kainic acid (30) an imino acid that occurs in Digenea simplex, another seaweed which is used, like C. armata, as an ascaricide [218] . Five other compounds closely related to domoic acid have been reported in fish contaminated with Nitzschia pungens [228] , but their toxicological significance is unknown. The mechanism by which domoic acid and β-ODAP (see above) cause neurodegeneration is to inflict excitotoxic injury to neurons [229] . However, it seems likely that, in the case of domoic acid neurotoxicity, the neuropathological scenario is more complex. Domoic acid has a high affinity for neuronal kainate receptors, but also binds to AMPA receptors [230] . In rat brain slices domoic acid causes Ca 2+ overload and inhibition of Ca 2+ -and calmodulin-stimulated adenylcyclase activity [231] . Domoic acid also stimulates the release of glutamate from a synaptosomal preparation. Were this effect to occur in intact tissue, the released glutamate would add further excitation at NMDA receptors [231] . Such neurotoxic insults, established in experimental animals, would account for the widespread behavioural signs seen in Californian sea lions. The chronic lesions seen in the hippocampus and related central areas of the brains of autopsied animals are also predictable from earlier laboratory studies. The toxicity of domoic acid to sea lions is such that both acute and chronic phases have been observed [226] and it has been proposed that toxicity may begin in utero [232] . The pathology of the toxic response of animals to domoic acid has been reviewed [233] .
Toxic non-protein amino acids from species of macromycetes
The toxicity of the mushroom Clitocybe acromelalga has been known for centuries in Japan. The toxicity expresses itself as a sustained sharp tactile pain (allodynia) in the extremities of the hands and feet with a reddish oedema. Chemical fractionation of the mushroom, accompanied by a mouse assay, resulted in the isolation of two powerfully neuroexcitatory imino acids, named acromelic acid A and B (31, 32) [234] . Subsequently C. acromelalga was found to contain further forms of acromelic acid, named acromelic acids C, D and E. A number of other non-protein amino acids have been isolated from C. acromelalga whose toxicological significance is difficult to evaluate. Acromelic acid A was proven quickly to be the most potent neuroexcitatory agonist at mammalian kainate/AMPA receptors then known [235] . It is also very active at L-glutamate receptors in an insect preparation [236] . In a rat brain membrane preparation acromelic acid A distinguished between two binding sites for kainic acid and was superior in its ability to displace [ 3 H]-AMPA compared with domoic acid and AMPA itself [237] . Both acromelic acid A and B were equally toxic to mice, but acromelic acid B induced allodynia at lower doses than did acromelic acid A [238] . Acromelic acid A has also been isolated from C. amoenolens, a species responsible for human poisoning in France. The signs and symptoms of poisoning with this mushroom resemble those recorded in Japan with regard to C. acromelalga. [239] . The complex chemistry of the kainoid group of imino acids (kainic acid, domoic acid and the acromelic acids) has been reviewed [240, 241] .
An unusual toxicity in humans is displayed by consumption of the mushroom Coprinus atramentarius, which contains coprine (N5-(1-hydroxycyclopropyl)-Lglutamine (33) . This compound is a potent inhibitor of alcohol dehydrogenase, which is the major enzyme in liver concerned in the metabolism of ingested ethanol in humans. The unpleasant effects of this compound mirror those of the drug disulfiram, which has been used to treat chronic alcoholism [242] . The toxicity of a number of poisonous mushrooms that contain toxic free amino acids [243] has been reviewed. Hypoglycin (34) is found in the fruit of Blighia sapida (Ackee). This tree, a native of West Africa, was reputedly taken to Jamaica in 1793 by Captain Bligh and its fruits continue to be eaten by the people of that island. It is now grown elsewhere in the West Indies and in various countries on the Atlantic coast of Central America but is not commonly used for food except in Jamaica. The fruit is a 3-lobed capsule (7-10 cm long) which, when ripe, splits open to reveal three black seeds attached to the edible cream-coloured arils [244] . If unripe arils are eaten they rapidly cause vomiting, which may be followed by convulsions, coma and death. The concentration of hypoglycin in the unripe arils may be as much as 0.1% of dry weight, which is some ten times the concentration found in ripe arils [245] . When ingested the amino acid causes a dramatic fall in blood glucose concentrations from normal values, about 5mM, to about one-tenth of that value. In addition to free hypoglycin the fruit, but not the aril, contains γ-glutamyl-hypoglycin (35) , which was originally designated hypoglycin B. In rats this compound elicits effects comparable to those of hypoglycin when given at twice the concentration [245] . Despite knowledge of the toxicity of ackee, the fruit continues to be consumed by adults and children, especially those in the lower social groups, in Jamaica [246] .
Hypoglycin; L-α-amino-β-methylenecyclopropylpropionic acid; L-2-amino-3-methylenecyclopropylpropanoic acid; hypoglycin
The cause of the hypoglycaemia seen in ackee fruit poisoning is not due to the amino acid itself, but to a metabolite, methylenecyclopropylacetic acid (36) , which is formed in the liver. This compound is converted into the corresponding CoA derivative, which inhibits the β-oxidation of long-chain fatty acids at the butyryl-CoA dehydrogenase stage [247, 248] . Oxidation of the carbon chains of valine and isoleucine is also impaired. Gluconeogenesis in the liver is severely inhibited [249] and several other metabolic disturbances have been proposed. Methylencyclopropylacetyl-CoA reacts as a 'suicide inhibitor' for the general acyl-CoA dehydrogenase from pig kidney. The flavin cofactor of this enzyme appears to be the site of the reaction [250] . A good general summary of the metabolic effects of hypoglycin is given in [249] . The inhibition of fatty acid oxidation increases the organism's dependence on glucose as a source of energy, but the replacement of glucose by gluconeogenesis is itself dependent on the OH O 36 availability of acetyl CoA, NADH and ATP, which are products of fatty acid oxidation [251, 252] . Hypoglycin therefore, induces rapid carbohydrate utilisation while simultaneously inhibiting carbohydrate synthesis.
In addition to the 'vomiting sickness' caused in adults, the fruit of B. sapida has been implicated as a possible cause of birth defects in children. Hypoglycin proved to be teratogenic in rats, but not in chicks. It has been suggested that the abnormalities induced in rat embryos are caused by competition between hypoglycin and the essential amino acid leucine, of which hypoglycin is a structural analogue. In the chick, however, the embryo develops within the egg which is 'pre-loaded' with necessary nutrients. In these circumstances the hypoglycin might be unable to compete successfully with the large pool of leucine available for normal morphogenesis [253] .
Summary
From the examples given in this review, toxic nonprotein amino acids in plants are important for four main reasons:
(i) They are among a group of compounds that are involved in plant-plant and plant-animal interactions at the ecological level. (ii)
They may be contained in fodder for cattle and cause damaging toxic effects to farm animals, or affect their growth rate or reproductive health. (iii)
They may contaminate human food and the food chains of important animal species. (iv)
The specificity that many of these compounds display has stimulated their use as tools in the search for mechanisms in biological processes.
